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S.  Cnongsawangvirod  and  E.A.  Irene 
Department  of  Chemistry 
University  of  North  Carolina 
Chapel  Hill,  North  Carolina  27599-3290 

Abstract 

Spectroscopic  Differential  Reflectometry,  SDR,  has  been  applied  to  study  differences 
in  silicon  surfaces  with  different  crystallographic  orientations  and  with  very  thin  films.  The 
SDR  technique  measures  the  normalized  difference  in  reflectance  of  two  adjacent  samples 
in  the  spectral  range  of  250-800  nm  at  near  normal  incidence.  This  study  demonstrates  the 
surface  sensitivity  of  the  SDR  technique  to  the  Si  crystal  orientations,  and  to  the  presence 
of  thin  oxide  films  on  the  Si  substrate.  The  observed  orientation  dependent  spectral  features 
are  interpreted  in  terms  of  the  current  understanding  of  the  silicon  orientation  dependent 
oxidation  kinetics. 


Introduction 

With  recent  requirements  for  MOSFET  gate  oxide  of  the  order  of  10  nm,  it  is 
necessary  to  control  the  initial  stage  of  Si  oxidation  which  strongly  depends  on  both  the 
silicon  surface  orientation  (1-4)  and  the  surface  preparation  (5-9).  Of  particular  importance 
are:  the  density  of  silicon  atoms  on  different  crystallographic  planes  (3,4);  interface  trapped 
charge  where  charges  may  be  trapped  in  surface  electronic  states  (10,11);  refractive  index 
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which  varies  with  oxidation  conditions  and  near  the  interface  (12-14);  intrinsic  film  stress 
which  also  changes  near  the  interface  (15,16);  All  of  these  studies  indicate  that  the  Si-Si02 
interface  is  important  in  the  oxidation  kinetics. 

In  the  present  study,  we  investigate  the  nature  of  differently  oriented  single  crystal 
silicon  surfaces  using  an  optical  reflectance  measurement.  The  reflectance  from  a 
semiconductor  surface  is  governed  by  the  interaction  of  varying  energy  incident  photons  with 
the  free  and  bound  electrons.  In  order  to  enhance  the  sensitivity,  we  utilize  Spectroscopic 
Differential  Reflectometry,  SDR,  which  measures  the  reflectivity  difference  between  two 
similar  samples,  rather  than  the  absolute  reflectivity.  It  has  been  shown  that  SDR  can 
sensitively  monitor  thin  surface  films  such  as  Si02  with  better  than  1  nm  resolution  (17)  as 
well  as  the  Si  surface  where  damage  can  be  identified  near  the  surface  and  to  tens  of  nm 
into  the  bulk  (18,19).  In  the  present  study  we  have  examined  bare  silicon,  native  oxide 
covered,  and  thin  purposely  grown  thermal  oxides  on  differently  oriented  surface  crystal 
silicon  surfaces.  Orientation  dependent  features  appear  in  the  SDR  spectra,  particularly 
near  the  silicon  interband  transitions,  and  the  features  are  correlated  with  the  silicon 
oxidation  rates,  and  are  found  to  be  independent  of  the  various  film  growth  conditions. 

Experimental  Procedures 

The  SDR  apparatus  used  in  this  study  is  similar  to  that  originally  described  by 
Hummel  (20,21),  and  previously  described  (17,19)  and  shown  in  Figure  1.  Unpolarized  light 
from  high  pressure  Xe  arc  lamp  is  rastered  at  near  normal  incidence  across  two  adjacent 
similar  samples.  The  reflected  light  from  botn  samples  is  detected  by  the  PMT  and  the 
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difference  in  reflectivity,  AR,  is  obtained  using  a  lock-in  amplifier  tuned  at  the  scanning 
frequency  and  the  average,  R,  is  obtained  via  a  low-pass  filter.  The  normalized  difference 
in  reflectivity,  AR/R,  is  recorded  as  a  function  of  wavelength  from  250  to  800  nm. 
Throughout  this  work  we  use  the  (100)  Si  as  the  reference,  and  this  orientation  is  always 
placed  on  the  right  side.  For  consistency,  the  lock-in  amplifier  phase  reference  is  also  kept 
constant  for  all  experiments.  Thus  we  measure  AR/R  as: 

A.R  _  ^(100)  ~^(exp) 

R  ^ 

2 

where  R^  is  the  sample  to  be  compared  with  the  (100)  orientation,  and  we  used 
commercially  available  single  crystal  Si  wafers  of  both  n  and  p  type  (100),  (110),  (111),  (311), 
and  (511)  orientations  with  resistivities  in  the  1  to  20  n-cm  range.  No  differences  were  seen 
for  these  lightly  doped  n  and  p  samples,  however  for  very  heavily  doped  Si  differences  are 
seen  but  these  experiments  are  beyond  the  scope  of  the  present  paper.  The  first  three 
experiments  were  measured  ex-situ  in  the  laboratory  ambient.  The  first  set  of  samples  were 
measured  as  received  from  the  manufacturers  i.e.,  out  from  the  box  and  with  native  oxides. 
The  second  experiment  was  performed  after  all  of  the  samples  were  dipped  in  a 
concentrated  HF  (48%)  solution  for  10s  followed  by  a  thorough  deionized,  D.I.,  water  rinse 
for  10  min  and  blow  dry  in  N2.  In  the  third  and  fourth  experiments  prior  to  the 
measurement,  thin  thermal  oxides  approximately  2  to  2.5  nm  were  purposely  grown  on  (100), 
(110),  and  (HI)  Si  orientations  at  1000°C.  These  samples  were  first  RCA  cleaned  (22), 
followed  by  a  10s  dip  in  HF,  and  rinsed  in  D.I.  water  prior  to  the  thermal  oxidation.  The 
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fourth  set  of  samples  was  measured  in-situ  in  a  500:1/H20:HF  liquid  ambient,  where  the 
etch  rate  was  about  .2  nm/min.  The  samples  were  mounted  on  a  teflon  sample  holder  and 
placed  in  a  fused  silica  sample  cell.  The  in-situ  sample  cell  has  an  optical  window 
perpendicular  to  the  optical  axis  of  the  incident  beam.  The  HF  solution  was  introduced 
through  an  inlet  to  begin  the  etching  experiment.  During  the  course  of  this  experiment  the 
thermal  oxides  on  adjacent  samples  of  interest  were  simultaneously  etched  back  to  the 
silicon  interface.  Thus  yielding  bare  Si  with  no  surface  oxide  and  without  exposing  the 
samples  to  the  laboratory  environment.  The  differential  nature  of  this  technique  cancels  out 
the  effects  of  experimental  environment  which  in  the  present  case  is  the  etch  solution,  and 
thus  yields  only  the  difference  in  reflectance  between  the  two  samples.  This  fourth  in-situ 
experiment  was  performed  in  order  to  eliminate  the  possibility  that  the  spectral  features 
observed  in  the  first  three  experiments  were  due  to  the  oxides. 

Results  and  Discussions 

Figure  2  show  the  normalized  difference  in  reflectivity,  AR/R,  as  was  defined  by  eqn 
(1)  as  a  function  of  wavelength  for  the  different  surface  orientations  relative  to  the  (100) 
orientation.  All  the  spectra  display  downward  peaks  at  292  nm  (4.3  eV)  and  365  nm  (3.4 
eV).  The  two  peaks  correspond  to  the  direct  interband  transitions  for  Si,  viz.  L3  -*■  Lj  (3.4 
eV)  and  z  (4.3  eV),  i.e.  the  energies  at  which  the  electrons  in  the  valence  band  are  directly 
excited  into  the  conduction  band.  It  should  be  noted  that  whether  these  peaks  are  minimum 
or  maximum  is  adjustable  by  either  reversing  the  samples  from  left  to  right  or  by  shifting  the 
reference  phase  on  the  lock-in  amplifier  by  180°.  There  is  also  a  gradually  increasing  AR/R 
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as  the  wavelength  decreases  for  the  comparisons  of  (311)  and  (511)  orientations. 

It  was  previously  shown  that  light  in  the  wavelength  of  200  to  400  nm  (6.2  to  3.1  eV), 
where  the  interband  transitions  are  observed,  penetrates  about  10  nm  into  crystalline  Si  and 
amorphous  Si  (18).  Thus,  the  spectral  features  for  the  different  surface  orientations  came 
from  the  Si-Si02  interface  region. 

Before  attempting  to  interpret  the  details  of  the  specific  orientation  order  for  the 
spectra  in  Fig.  2,  it  must  first  be  determined  whether  these  spectral  difference  features  are 
caused  by  the  difference  in  the  Si  structure  near  the  surface,  the  effect  of  thin  films  on  the 
different  orientations,  and/or  the  surface  films  themselves. 

It  is  known  that  oxidation  rate  of  Si  is  orientation  dependent  (1-4).  Thus  different 
oxide  thickness  grown  under  the  same  conditions  is  likely  and  the  oxide  thickness  difference 
may  affect  the  spectra.  Table  1  shows  the  native  oxide  thicknesses  on  all  Si  orientations  in 
our  study.  The  result  shows  slightly  thicker  oxide  films  on  (311)  and  (511)  orientations.  To 
understand  the  effect  on  the  SDR  spectra  of  thin  native  oxide  film  on  Si,  a  calculation  was 
performed  using  a  homogeneous  film  optical  model  and  literature  values  for  the  optical 
properties  of  the  Si02  film  (23)  and  Si  substrate  (24),  and  then  this  result  compared  with 
the  experimental  data  is  shown  in  Fig.  3.  The  thicknesses  used  in  the  calculation  were  1.9 
and  2.8  nm  obtained  from  ellipsometry  measurements  on  the  actual  samples  as  in  the  case 
of  (100)  vs  (311)  orientations  respectively.  The  simulated  spectra  (dashed  line  in  Fig.  3) 
shows  only  a  decrease  in  reflectivity  of  the  thicker  oxide  sample  due  to  the  interference 
between  the  incident  light  and  the  reflected  light  at  the  Si02  interfaces.  Since  the 
interference  effect  is  a  function  of  both  the  optical  path  length  through  the  oxide  film  and 
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the  wavelength,  the  effect  increases  as  the  wavelength  decreases.  Plotted  along  with  the 
calculated  spectrum  in  Fig.  3  is  the  experimental  spectrum  (open  circles)  for  the  comparison 
of  (100)  vs  (311)  orientations  which  contains  both  orientational  spectral  features  and  any 
thickness  variation  and/or  native  oxide  features.  The  difference  between  the  experimental 
and  calculated  spectra  should  therefore  contain  only  the  orientational  spectral  features  (solid 
line).  Thus,  it  s  shown  that  orientation  dependent  features  can  not  be  explained  simply  by 
a  thickness  difference  variation  in  the  adjacent  films. 

In  order  to  minimize  the  native  oxide  thickness  on  the  Si  surfaces,  all  the  samples 
were  dipped  in  a  concentrated  HF  solution  for  10s  and  then  rinsed  in  D.I.  water.  The 
comparison  is  shown  in  Fig.  4.  Ellipsometry  showed  1  nm  or  about  half  the  original  native 
oxide  thickness  to  be  present  immediately  after  the  HF  dip  and  D.I.  rinse.  SDR  shows  very 
little  difference  in  the  magnitude  of  the  interband  transition  peaks  from  this  experiment,  and 
although  Fig.  4  shows  only  the  comparison  of  (100)  vs  (111)  orientations,  similar  behavior 
is  observed  for  the  other  orientations. 

In  order  to  completely  eliminate  the  surface  oxide  layer,  the  comparison 
measurement  was  performed  in-situ  in  the  HF  solution  and  the  results  are  shown  in  Fig.  5. 
It  is  seen  that  both  292  and  365  nm  peaks  remained  even  when  surface  oxide  films  are  not 
present.  Recent  studies  have  shown  that  an  HF  cleaned  Si  surface  is  terminated  with 
hydrogen  as  well  as  fluorine  atoms  (25-30).  It  is  assumed  that  in  the  SDR  experiment 
whatever  occurs  to  both  samples  is  eliminated  due  to  the  nature  of  differential  technique. 
Thus  the  two  prominent  spectral  features  observed  must  be  dominated  by  the  differences 
in  the  surface  orientations.  From  this  we  should  not  conclude  that  there  is  no  difference 
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between  a  native  oxide  and  a  thin  purposely  grown  oxide  sample.  Fig.  6  shows  this 
comparison  of  two  samples  on  (100)  orientations,  one  with  native  oxide  and  the  other  with 
thermal  oxide  with  essentially  the  same  oxide  thickness.  The  result  shows  small  peaks  at  the 
same  critical  wavelengths,  indicating  that  there  is  a  difference  in  the  oxide  structure  and/or 
there  is  an  effect  of  the  oxide  upon  the  Si  atoms  near  the  interface,  but  this  effect  while 
noticeable  is  minor  compared  to  the  larger  surface  orientation  effect  seen  in  Fig.  2. 

Finally,  it  is  shown  in  Fig.  7  that  the  orientation  dependent  features  are  still  apparent 
when  thin  thermal  oxides  of  about  2.5  nm  are  grown  on  the  surfaces.  These  spectral 
features  will  be  more  difficult  to  discern  for  longer  oxidation  times  because  the  AR/R  will 
be  dominated  by  the  optical  interference  from  thickness  differences  between  the  samples 
obtained  from  the  orientation  dependent  oxidation  rate. 

Having  eliminated  possible  extraneous  causes  of  the  SDR  spectral  features  we  have 
confidence  that  there  is  a  surface  orientation  effect  observed  in  SDR.  Fig.  8  shows  the  SDR 
data  from  Fig.  2  but  with  the  thickness  variations  eliminated,  and  two  observations  are  made 
from  the  data  in  Fig.  8  and  discussed.  First,  the  peak  position  at  both  critical  wavelengths 
remain  constant  within  2  nm  for  all  our  experiments.  The  implication  is  that  the  energy  at 
which  electrons  undergo  optical  transitions  remains  constant  thus  the  electronic  band 
structure  is  unaffected.  Secondly,  the  magnitude  of  each  peak  at  the  critical  wavelengths 
varies  as  a  function  of  surface  orientation  as  summarized  in  Table  1.  The  negative  sign  for 
the  peak  heights  means  that  the  reflectivity  of  all  the  orientations  at  the  critical  wavelengths 
is  greater  than  the  (100)  orientation  as  given  by  eqn  (1).  The  orientation  dependent 
reflectivity  is  observed  with  the  order: 
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(111)  >  (110)  >  (311)  >  (511)  >  (100) 

This  variation  observed  in  AR/R  is  the  manifestation  of  the  reflectivity  difference  among  the 
different  Si  orientations. 

It  is  known  that  R  is  proportional  to  the  complex  index,  ft,  which  in  turn  depends  on 
the  real  index,  n,  and  the  absorption  index,  k.  It  was  calculated  from  eqn  (1)  that  in  order 
for  AR/R  for  two  adjacent  samples  to  decrease  at  the  critical  wavelength  as  observed  in  Fig. 
8,  n,  for  the  sample  of  interest,  must  decrease  or  k  must  increase  or  both.  It  is  also  given 
by  the  Lorentz-Lorentz  formula  that  n  is  proportional  to  the  density  of  atoms  (31).  For  the 
orientations  used  this  order  is  (1,3) 

(110)  >  (111)  >  (311)  >  (511)  >  (100) 

hence  this  does  not  yield  the  observed  order  in  R,  thus  k  must  be  controlling  R.  This  is  not 
surprising  since  the  observed  downward  peaks  near  the  interband  transitions  are  essentially 
absorption  peaks. 

In  order  to  obtain  a  qualitative  idea  of  the  effect  of  k  in  the  near  UV  -  visible  energy 
range,  we  use  the  classical  Lorentz  theory  to  describe  the  forced  vibrational  motion  of  bound 
electrons  under  the  influence  of  an  external  field  assuming  that  one  electron  is 
quasielastically  bound  to  a  given  nucleus.  From  this  simplistic  theory  the  imaginary'  part  of 
the  complex  dielectric  function,  e,  is  related  to  k  as:  (32) 


e2  =  2  nk 


47 te2Ny<j> 
m2(cDo_w2)2+Y2d)2 


(2) 


where  N  is  the  number  of  electrons,  o>  is  the  frequency,  m  is  the  electron  mass,  <d0  is  the 
frequency  at  which  the  electron  vibrates  without  an  external  force,  and  y  is  the  damping 
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constant.  From  eqn  (Z)  it  is  seen  that  the  number  of  electrons  is  directly  proportional  to  the 
absorption  index  and  thus  is  given  by  the  above  determined  order  for  the  surface  reflectivity. 
It  should  be  noted  that  this  order  is  also  the  same  as  the  oxide  growth  rate  for  oxide 
thicknesses  greater  than  several  tens  of  nm  (3). 

It  has  been  reported  that  an  enhanced  level  of  electron  emission  from  photonically 
stimulated  oxidation  resulted  in  oxidation  rate  enhancements  (33,34),  thereby  indicating  that 
elections  can  affect  the  oxidation  kinetics.  Also,  a  study  of  ultra  thin  (  '3  nm)  oxide  growth 
kinetics  (35)  has  revealed  that  a  correlation  exists  between  the  barrier  for  the  thin  oride 
growth  and  the  approximately  3  eV  barrier  for  electron  emission  from  the  conduction  band 
in  Si  into  Si02.  An  orientation  dependence  in  this  data  was  not  clearly  established,  since 
it  was  thought  to  be  within  the  accuracy  of  the  oxidation  data.  The  present  SDR  results 
suggest  that  if  the  electron  concentration  at  the  Si  surface  is  important  in  Si  oxidation 
kinetics,  the  (111)  orientation  should  oxidize  the  fastest.  It  was  shown  that  beyond  the  very 
initial  regime  extending  to  several  tens  of  nm  depending  on  oxidation  condition,  the  (ill) 
orientation  dominates  the  kinetics  (1-3).  However,  in  the  very  initial  regime,  the  (110) 
orientation  was  found  to  oxidize  the  fastest.  Hence,  the  number  of  density  of  Si  atoms  must 
dominates  in  the  earliest  stage  of  oxidation.  It  should  be  noted  that  while  it  is  clear  that  the 
(110)  oxidizes  fastest  in  this  regime,  a  quantitative  comparison  (35)  clearly  shows  that  the 
atomic  number  density  alone  is  insufficient  to  explain  the  kinetics.  It  is  therefore  proposed 
that  the  electron  availability,  largest  on  the  (111)  may  also  play  a  role.  Beyond  several  tens 
of  nm,  the  (111)  dominates  the  kinetics.  This  has  been  tentatively  attributed  to  the  lower 
stress  in  oxide  grown  on  the  (111)  surface  (3),  thereby  enabling  more  rapid  diffusion  of 
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oxidant  through  the  Si02  grown  on  the  (111)  surface.  However,  from  a  careful 
consideration  of  the  steady  state  situation  likely  obtaining  during  Si  oxidation  (36),  that  the 
interface  reaction  constant  that  may  be  related  to  the  electron  availability  at  the  surface  (35) 
cannot  be  excluded. 


Conclusions 

The  Spectroscopic  Differential  Reflectometry  technique  has  been  shown  to  be 
sensitive  in  repealing  difference  in  reflectivity  in  the  different  orientations  of  Si.  In 
particular,  the  spectral  features  at  the  interband  transitions  of  Si,  strongly  suggests  a  relative 
order  for  the  absorption  index,  k,  and  thus  number  of  available  electrons  as: 

(111)  >  (110)  >  (311)  >  (511)  >  (100) 

which  may  help  to  explain  the  ordation  growth  rate  of  Si02  in  the  thin  film  regime,  as  an 
additional  m_  'hanistic  parameter  along  with  the  dominant  Si  surface  atom  density,  and  then 
the  electron  effect  dominates  in  the  regime  beyond  about  25  nm. 
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Figure  Captions 

Figure  1.  Block  diagram  of  the  Spectroscopic  Differential  Reflectometry  Apparatus 

Figure  2.  Differential  reflectance  spectra  of  the  comparison  of  the  (100)  orientation  with 
the  (111),  (110),  (311),  and  (511)  Si  orientations. 

Figure  3.  A  comparison  of  orientation  dependent  spectra  of  (100)  vs  (311)  orientations 
(open  circles)  with  a  simulated  differential  reflectance  spectrum  for  two 
adjacent  samples  with  .9  nm  difference  in  Si02  thickness  on  Si  substrates 
(dashed)  and  the  difference  between  the  experimental  and  the  calculated 
spectra  (solid). 

Figure  4.  Comparison  of  FEF  dipped  (100)  vs  (111)  Si  orientations  (dotted)  with  the  "as- 
received"  sample  (solid). 

Figure  5.  In-situ  comparison  of  (100)  vs  (111)  Si  orientations  in  a  500:l/H2O:HF  liquid 
ambient. 

Figure  6.  A  comparison  of  purposely  grown  thermal  oxide  with  native  oxide  of 
similar  thickness  on  (100)  Si  orientation  sample. 

Figure  7.  A  comparison  of  (111)  and  (110)  vs  (100)  Si  orientations  with  thin  thermal 
oxide  grown  on  the  surfaces. 

Figure  8.  Differential  reflectance  spectra  showing  the  comparison  of  the  (100) 
orientation  with  the  (111),  (110),  (311),  and  (511)  Si  orientations  after 
accounting  for  the  oxide  thickness  variations. 
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Table  1. 

Table  2. 


List  of  Table 


Native  oxide  thickness  on  (100),  (110),  (111),  (311),  and  (511)  Si  orientations 
as  obtained  from  ellipsometry. 

AR/R  peak  heights  of  (110),  (111),  (311),  and  (511)  relative  to  (100)  Si 
orientations  in  (%) 


Si  orientations 


Native  oxide  thickness  (nm) 
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Table  2 


Orientations 

Peak  Heights 
at  292  nm 

Peak  Heights 
at  365  nm 

(111) 

-.78 

-.46 

(110) 

-.20 

-.26 

(311) 

-.17 

-.22 

(511) 

-.07 

-.07 

Peak  Heights  Relative  to  (100)  Orientation 
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